Abstract: This letter presents a low power CMOS pulse generator based on spectral efficiently gated oscillator for multiband impulse radio ultra-wideband (UWB) system. The pulse generator is based on an on/off switched LC oscillator with the trapezoid switching pulse. By using trapezoid pulse for on/off switching signal of the oscillator, better output spectral characteristic can be achieved without additional pulse shaping filter due to the more symmetric triangular envelope of the output pulse. Output pulse spectrum shows more than 30 dB of sideband rejection without additional filtering. The pulse generator dissipates only 10 pJ per pulse from 1.2-V supply.
Introduction
Impulse radio UWB (IR-UWB) is an attractive solution for short-range, low data rate wireless-communication application such as sensor network and body area network. Due to the very short pulse width, IR-UWB system can operate for high precision ranging with low power consumption. In the IR-UWB transmitter, output spectrum is regulated by the Federal Communication Commission (FCC) spectral mask. Side lobe of output spectrum should be suppressed in order to eliminate the impact on the adjacent channel. And this is even more important in multiband applications. To make side lobe of output spectrum suppressed, the edge of the pulse should be made smoothly like Gaussian shape. And IR-UWB transmitter also requires low power consumption and complexity for long battery life and low cost.
Several works have been published for the IR-UWB transmitter. One of the conventional ways to create Gaussian-enveloped pulse is using digital delay circuits and weighted sum of pulses [1] . But this method has the disadvantage of requiring complex circuit and subtle adjustments. The pulse in [2] is generated by modulating the amplitude of local oscillator with rectangular shape. But rectangular-enveloped pulse provides only side lobe rejection of 13 dB. There is disadvantage of requiring additional filter to suppress the side lobe of the output spectrum. The pulse generation by multiplying triangular envelope with local oscillator output is introduced in [3] . This triangular-enveloped pulse provides a side lobe rejection of more than 20 dB. But this method requires a complex circuit and high power consumption. In another way, the pulse generator which can generate triangular-enveloped pulse using LC VCO start-up time and on/off control of tail current source is presented [4] . It can be implemented with low power consumption without using additional filtering. However, there is an asymmetry in the triangular envelope due to the mismatch between startup state and turn-off state of the oscillator. This paper presents a low power CMOS pulse generator for better output spectral characteristic and higher side lobe rejection without additional pulse shaping filter.
Pulse generation principles
Pulse generation principle is based on on/off switching of oscillator [4] . For the turn-on part of the switching pulse, the transient output pulse of the oscillator increases according to the start-up time during the start-up phase. When the switch is turned off in the start-up phase, the pulse envelope decreases according to the RC time constant in the turn-off phase. As a result, triangular-enveloped pulse can be obtained. However, the falling time of the triangular envelope is generally different from the rising time of the triangular envelope. This asymmetry of the envelope is due to the different tail current between start-up phase and turn-off phase of the oscillator. Since the envelope of the pulse determines its spectrum, it is necessary to obtain symmetric envelope for good output spectral characteristic. To do this, the falling envelope needs to be adjusted for symmetry with rising envelope. It can be achieved by applying trapezoid pulse instead of square pulse for the on/off switching of the oscillator. Because large NMOS RC time constant makes falling time longer, trapezoid pulse can be generated by inverter having smaller width of the NMOS transistor with the tunable capacitor.
3 Pulse generator design Fig. 1(a) shows the schematic of the proposed multiband IR-UWB pulse generator. The pulse generator consists of on/off switched LC VCO and trapezoid pulse shaper for generating on/off switching signal. LC VCO is designed using NMOS cross coupled pair structure. Trapezoid pulse shaper consists of asymmetric inverter cell having a long falling time with tunable capacitor. The center frequency of the pulse is determined by LC VCO oscillation frequency and the bandwidth is determined by on/off control of tail current source.
For the multiband application, varactors are used to adjust the oscillation frequency. Multiband consists of three subbands and each subband should have a good output spectral characteristic at each center frequency However, rising time and falling time of the output pulse envelope changes as center frequency changes. To make symmetric triangular envelope for multiband IR-UWB system, rising time and falling time need to be adjusted. Rising time can be adjusted by using different gate bias voltage of tail current source for each frequency because rising time is related to the open loop gain [4] . Falling time also can be adjusted by applying trapezoid switching signal having different falling time which can be adjusted by using switched capacitors. As a result, same bandwidth and good spectrum characteristics are obtained for three subbands. 
Simulation results
The proposed pulse generator is designed and verified using a 0.13 m CMOS technology and in fabrication. Fig. 2(f) shows the chip layout of the pulse generator based on on/off gated LC oscillator. The core size is 700 × 450 m excluding pads. Fig. 1(b) , (c) shows output pulse waveform of the gated oscillator with square pulse and trapezoid pulse on/off switching respectively. When the tail current source is turned on, the output pulse envelope of the oscillator increases with the triangular-like shape in the start-up phase. When the tail current source is turned off, the output pulse envelope decreased according to the falling envelope of the trapezoid switching pulse. And the falling time of output pulse envelop can be adjusted by switched capacitors. It shows that more symmetric triangular waveform can be achieved by using trapezoid pulse instead of square pulse for on/off switching of the oscillator. This symmetry makes better output spectral characteristic. Fig. 2(a) , (b), (c) shows the oscillator output pulse waveform of the multiband implementation. The center frequencies of three subbands with bandwidth of 600 MHz are located at 3.4, 4, and 4.6 GHz respectively. Bandwidth is measured at 10 dB below the peak amplitude level. These pulses are obtained by applying 1.6 ns duration digital data. The delay time, which is calculated from the start-up moment to 10% of the pulse peak, is measured as 0.32 ns. Output pulse duration is 3.5 ns. Pulse duration is calculated from the interval of 10% of the pulse peak. And average output differential swing is 1.8 V. Fig. 2(d) shows the normalized power spectral density (PSD) of the oscillator output pulse for three subbands. It shows that more than 30 dB of side lobe rejection is achieved without additional filtering. Fig. 2(e) shows the transient simulation of current dissipation of the pulse generator during turn-on and turn-off. Only the dynamic current from Table I . Performance summary and comparison.
IEICE Electronics Express, Vol.10, No.10, 1-6 the 1.2 V supply is dissipated in the proposed pulse generator. At different center frequency of 3.4, 4, and 4.6 GHz, power consumption of the pulse generator is 13.4, 10, and 6.3 pJ per pulse, respectively. These values represent power consumption of VCO and trapezoid pulse shaper excluding the output buffer.
A summary of the simulated performance of the proposed pulse generator and performance comparison with other previously published works are presented in Table I . The proposed pulse generator shows an excellent sidelobe rejection and the lowest energy consumption per pulse in comparison to other published works.
Conclusion
In this paper, multiband IR-UWB pulse generator based on on-off gated oscillator with the trapezoid pulse switching is described. By substituting a trapezoid pulse for a square pulse in switching signal for oscillator, the output pulse waveform becomes more symmetric. It achieves better output spectral characteristic and higher sidelobe rejection without additional filters for multiband IR-UWB system. The proposed compact pulse generator based on trapezoid pulse gated LC oscillator dissipates only 10 pJ per pulse from 1.2 V supply.
